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Visual contrast sensitivity is the capability to distinguish a visual object from its 2 background. It is critical for many daily activities 1 and it is impaired in patients with 3 neurodegenerative diseases such as Parkinson's disease [2] [3] [4] [5] . Conventionally, contrast 4 sensitivity has been measured in the laboratory as a function of an object's richness in 5 texture, its spatial frequency. We define spatial contrast sensitivity as the ability to 6 distinguish static stimuli, and spatiotemporal contrast sensitivity as the ability to detect 7 moving stimuli while tracking them with smooth pursuit eye movements. Healthy adults 8 are most sensitive to objects in the medium spatial frequency range, i.e., they can see 9 these objects even at low contrast. Contrast sensitivity is lower when objects are almost 10 uniformly grey (low spatial frequency) or highly textured (high spatial frequency).
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Contrast sensitivity is affected by several factors, including age and disease status. 12 Higher thresholds across spatial frequencies have been observed in infants and children; 13 maturity is reached in early adolescence 6 . Sensitivity in the high spatial-frequency range 14 decreases in mid adulthood while functioning at low spatial frequencies is relatively 15 preserved in the elderly 7 . Robust impairments in spatial contrast sensitivity have been 16 observed across a variety of pathologies 4, 8 , including Parkinson's disease (PD). 17 However, results for contrast sensitivity in this group of patients are highly variable:
18 whereas some studies observed impairments across the entire spatial frequency range 5 , 19 others report loss of sensitivity in the medium to high-frequency range 3, 4 . Together, 20 these findings indicate that PD might result in a loss in sensitivity as well as a shift of 21 the contrast sensitivity function towards lower spatial frequencies as compared to 22 4 controls 4 , implying selective impairment of a subset of spatial frequency channels. 1 Contrast sensitivity decreases with disease progression 5 , although deficits in the low 2 spatial-frequency range can be ameliorated with L-dopa treatment 3, 9 . In general, the 3 prevalence of early visual function impairment and the importance of assessing these 4 functions in patients with PD has been widely recognized 1, 10, 11 . Contrast sensitivity 5 contributes to successful performance in many tasks of daily living. For instance, it is a 6 strong predictor of poor motor vehicle driving outcome in patients with PD, especially 7 under low-contrast visibility conditions 12 . 8 Despite the importance of this capability for everyday life, most studies on 9 contrast sensitivity in healthy, aging, and clinical populations have been conducted with 10 static visual stimuli. However, our natural environment is highly dynamic, and most 11 visual objects produce retinal image motion due to the motion of the object itself, or due 12 to self-motion. Deficits in motion processing 1, 10, 13 are prevalent in PD and may result in 13 relatively larger impairments in spatiotemporal (dynamic) vs. spatial (static) contrast 14 sensitivity 14 . 15 An additional factor to consider in all perceptual tasks is the contribution of eye 16 movements. Eye movements are critical for our ability to perceive fine spatial detail and 17 to recognize and react appropriately to visual objects and events. Participants were 13 patients with idiopathic mild to moderate PD and 12 21 healthy, age-matched controls ( Table 1) . Observers were included in the study if they 22 had normal or corrected-to-normal visual acuity, no history of ocular motility 1 abnormality (e.g., no strabismus or amblyopia), and no history of any neurological or 2 psychiatric condition. All observers were screened to confirm normal visual acuity. during the study. All PD patients were on L-dopa or equivalent medication (see Table   9 1) and were tested within two hours of taking their last regular dose of medication. gamma nonlinearity of the screen was measured using a LS-100 luminance meter 21 (Konica Minolta Inc., Chiyoda, TKY, Japan) and corrected using a lookup the Gabor patch. In blocks with static stimuli, the Gabor was presented in the center of 21 the screen and participants were instructed to fixate on it. In blocks with moving stimuli 22 ( Fig. 1a) Eye position data and button presses were analyzed offline using custom-made Microsaccades were defined as saccades of <0.5 deg amplitude (see Fig. 1b,c) in Fig.1d ,e) and saccade intervals (magenta in Fig.1d,e 
Results
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Spatial Sensitivity 21 Compared with healthy age-matched controls, patients' spatial (static) contrast 22 14 sensitivity was normal in the low and high spatial-frequency range, but decreased in the 1 medium spatial-frequency range (Fig. 2a) . These findings were confirmed in a repeated- 
8
- Figure 2 here - 9 We next assessed whether the observed differences in contrast sensitivity 10 between groups might be related to impairments in fixational stability in patients.
11
Across all spatial frequencies, patients showed a higher number (53% frequency 12 increase) of small microsaccades (<0.5 deg amplitude), even though the main effect of 13 disease on microsaccade rate did not reach significance F(1,22) = 3.15, p = .09 (Fig.3a,   14 left). Of these microsaccades, 9.9% were classified as square-wave jerks (SWJ). This 15 number did not differ between patients (10.3%) and controls (9.5%; F < 1, n.s.), 16 indicating similarities in the occurrence of SWJ across groups (Fig.3b) . Patients also 17 showed a higher rate of saccades (>0.5 deg amplitude) across all spatial frequencies 18 (9% increase, but F < 1, n.s.; Fig.3a, right) ; of these, 23.7% were SWJ, 27% in patients 19 and 20.5% in controls, with no significant differences found between groups (F(1,22) = 20 1.74, p = .20; Fig.3b) . We next assessed trial-by-trial correlations between 21 microsaccade rate and contrast sensitivity, because group differences were largest for 22 microsaccades. Figure 4 shows individual observers' trial-by-trial results for each 1 spatial frequency and reveals the strongest relation between fixational stability and 2 perceptual performance at 2 cpd (Fig.4c) sensitivity function shifts from 4 cpd for stationary stimuli (Fig. 2a) to 1 cpd for 10 dynamic stimuli (Fig. 2b,c consistently had higher pursuit velocity than patients across stimulus speeds (Fig. 3c) .
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Controls and patients also showed similar saccade amplitude densities (F < 1, n.s.) and When compared to spatial contrast sensitivity, spatiotemporal contrast 6 sensitivity was higher for low spatial frequencies and lower for high spatial frequencies. 7 These motion gains and losses, expressed as the difference between spatiotemporal and 8 spatial contrast sensitivities, were significantly different from zero at each spatial 9 frequency (all p < .001 in Bonferroni-corrected t-tests) for low and high speed ( Fig.   10 5a,b), with the exception of medium spatial frequencies (2 cpd) at high speed for 11 patients ( Fig. 5b ; p = .82). Importantly, similar motion gains and losses in contrast 12 sensitivity were observed for both groups of subjects (no main effect of disease, and no 13 significant interactions with disease, all F < 1), indicating that patients' ability to 14 process visual motion information in this task is relatively unimpaired.
15
- Figure 5 here - 
Discussion
18
We examined the sensitivity to stationary and moving stimuli at low contrast in instability-the rate of small microsaccades-is larger in patients than in controls in trials 5 with static stimuli. Even though pursuit is overall slower in patients than in controls, 6 this difference was not significant, consistent with preserved spatiotemporal sensitivity 7 and motion gain in patients. The observed possible relation between eye movements and 8 contrast sensitivity is in line with previous reports in the literature on healthy adults 21, 22 . 9 However, our study was not specifically designed to assess the dynamic interaction Previous reports on contrast sensitivity deficits in PD patients produced highly 20 variable results, with some studies finding selective spatial contrast sensitivity 21 impairments in the medium to high spatial frequencies 3, 4 , or across a wide range of 22 frequencies 5, 23 . Heterogeneity between patients populations in terms of age, symptom 1 severity, and medication likely contribute to the variability in results. In our study, the 2 largest deficits were observed at spatial frequencies of 2 and 4 cpd, where all subjects 3 perform best (note the similar shape of the contrast sensitivity function in patients and 4 controls; Fig. 2) . We acknowledge that our sample sizes were small, potentially 5 preventing us from seeing effects across the entire spatial-frequency range, and from 6 seeing differences between groups for spatiotemporal sensitivity (dynamic stimuli). 
